Epitaxial La 0:6 Sr 0:4 MnO 3 (LSMO) thin films were grown by pulsed laser deposition. Relationships between magnetic properties of LSMO epitaxial thin films and ablation conditions such as ablated spot area and total incident laser energy in a pulsed laser deposition technique were studied. Ablated spot area was controlled by changing the focus lens position and total laser energy. Epitaxial growth mode and magnetic properties of LSMO thin films were strongly dependent on the ablated spot area and total laser energy. Under the optimal laser ablation condition, epitaxial LSMO films with Curie temperature of about 340 K and atomically flat surfaces were obtained.
Pulsed laser deposition (PLD) enables us to epitaxially grow complex oxide thin films of high crystalline quality exhibiting similar physical properties to bulk samples 1) and fabricate hetero-interfaces including multilayered structures such as superlattices.
2) To obtain epitaxial thin films which have high crystalline quality, atomically flat surfaces and excellent physical properties, however, optimization of the laser ablation conditions is supposed to be essential from the theoretical 3) and experimental [4] [5] [6] viewpoints. Two important parameters to be optimized are laser fluence and ablated spot area. Laser fluence is closely related to the supply of chemical species, which can control growth rate. It is also related to the composition of the ablated species. 7) Ablated spot area is reported to strongly influence the composition and physical properties of films. 4, 5) One possible explanation for the influence of laser conditions on film compositions would be spatial nonuniformimties of ablated species in the plume due to different mass of each ablated element. 3) La 1Àx Sr x MnO 3 is a half-metallic ferromagnet with the Curie temperature (T C ) of 370 K. 8) Because of its high spin polarization ($100%), 9) La 1Àx Sr x MnO 3 has attracted much interest as a key material for new spintronics devices such as magnetic tunnel junctions. 10, 11) Here, we report on the laser ablation condition dependence of thin film growth mode, transport, and magnetic properties of epitaxial La 0:6 Sr 0:4 -MnO 3 (LSMO) thin films. The transport and magnetic properties of LSMO are known to be sensitive to the epitaxial strain. 12) To exclude the effect of the epitaxial strain wherever possible, (LaAlO 3 ) 0:3 -(Sr 2 AlTaO 6 ) 0:7 (LSAT) (100) substrates were employed because its lattice constant (0.387 nm) is close to the pseudo-cubic lattice constant of bulk La 0:6 Sr 0:4 MnO 3 (0.387 nm). 8) Before LSMO thin film growth, as-supplied LSAT (100) substrates were annealed at 1000 C in air. Atomically flat surfaces with step-and-terrace structures which have oneunit-cell step height were obtained. Epitaxial LSMO thin films with the thickness of about 100 nm were grown on these atomically flat LSAT substrates by a pulsed laser deposition technique. During the growth of LSMO, the substrate temperature was kept at 900 C. Pure oxygen gas of 10
À4
Torr was constantly fed into the chamber. Ablation laser was KrF excimer laser ( ¼ 248 nm) generated by TUILASER, ThinFilmStar. Laser fluence was monitored before the entrance view port of the growth chamber and was varied from 48 to 70 mJ. Ablated spot area was changed by controlling the target-focus lens distance as shown in the illustration of Fig. 1(a) . The dependence of the ablated spot area on the laser ablation conditions was shown in Fig. 1(b) . The horizontal axes represent the total energy of incident ablation laser and the displacement of the focus lens position from the focal length (450 mm). The vertical axis represents the ablated spot area. Increase of the ablated spot area was clearly observed when the distance between the focus lens and the target was decreased, indicating that the ablated spot was defocused. The ablated spot area also increased with the total incident laser energy. 4) Control of the ablation area from 3.5 mm 2 to 14.0 mm 2 was possible by changing the focus lens position and the total incident laser energy in the PLD Special Issue on Nano-Materials Science for Atomic Scale Modification #2009 The Japan Institute of Metals system. During LSMO thin film growth, reflection high energy electron diffraction (RHEED) intensity was captured even at high oxygen pressure using the modified differential evacuation technique 13) to monitor the initial growth mode of the thin films. Epitaxial growth mode and surface flatness of LSMO were investigated using RHEED and atomic force microscope (AFM). To evaluate the magnetic properties of LSMO films, temperature and magnetic field dependence of magnetization was measured using Quantum Design, magnetic property measurement system (MPMS). After fabrication of Au bar-shaped top electrodes, sample resistivity was evaluated by conventional four-probe resistance measurement at room temperature.
AFM images, RHEED patterns, RHEED oscillations and the temperature dependences of the magnetization (M-T curve) of La 0:6 Sr 0:4 MnO 3 films grown under the several ablation conditions were shown in Fig. 2 . Total energy of incident laser was fixed at 48 mJ. Ablated spot area was varied from 3.9 to 10.0 mm 2 . Streaky RHEED patterns were clearly observed for all the films, indicating the atomically flat surfaces. RHEED oscillations of all the films revealed that the films were grown by a layer-by-layer mode. According to the AFM images, the surface morphology was strongly dependent on the ablated spot area. In the case of small ablated spot area (3.9 mm
2 ), step-and-terrace structures were observed. In the case of large ablated spot area (6.0 and 10.0 mm 2 ), island structures corresponding to about 1-3 unit cell height of pseudo-cubic perovskites were observed. The M-T curves were strongly dependent on the ablated spot area. The Curie temperature (T C ) and the saturated magnetization of LSMO films increased with increasing the ablated spot area. This behavior is consistent with the reported growth of LSMO on STO substrates. 5) In order to use LSMO thin films as half-metallic electrodes in spintronics devices, high T C and small resistivity are preferable. Figure 3 describes the ablated spot area dependence of the sample resistivity and T C . In this experiment, the ablated spot area was varied from 3.9 mm 2 to 10.0 mm 2 by changing the focus lens position (Áz) with the fixed total energy (48 mJ) of the incident laser. The drastic increase of the T C for the sample grown with the large ablated spot area was clearly observed. Besides, the resistivity of the LSMO monotonically decreased with increasing the ablated spot area. At the ablated spot area of 10.0 mm 2 , T C and resistivity of around 320 K and 2.5 mcm, respectively, were obtained. Total laser energy is another important parameter to be optimized. Dependence of the T C on the total incident laser was investigated with the focus lens fixed at the optimal position. Laser ablation condition dependence of Curie temperature is shown in Fig. 4 . The horizontal axis represents energy density of excimer laser which is defined as total energy of excimer laser per ablated spot area. The vertical axis represents ablated spot area. The radius of each circle is proportional to the Curie temperature (T C ) of each sample which is noted in Fig. 4 . Filled circles in Fig. 4 depict the dependence of T C on ablated spot area, which was controlled by changing the focus lens position. The energy densities were also varied by changing the focus lens position. T C was strongly dependent on both ablated spot area and energy density. Higher T C ($320 K) was obtained under the conditions of larger ablated spot area and smaller energy density, which are indicated by a solid arrow in Fig. 4 . Open circles depict the dependence of T C on total incident laser energy under the optimal focus lens position. Higher laser energy condition is favorable to obtain much higher T C , which are indicated by dotted arrow in Fig. 4 . Degradation of thin film crystalline quality and composition nonstoichiometry affect Curie temperature. 5) Laser energy density is related to the kinetic energy 14) and the supply of each species, which influence the growth mode, chemical compositions, 6, 15) and crystalline quality of thin films. 6) Change of ablated spot area makes the distribution of chemical species in plume varied, resulting in change of thin film composition. [3] [4] [5] Therefore, the composition of thin film could be varied by changing ablated spot area and energy density. According to the X-ray fluorescence analysis (XRF) to determine the composition in LSMO thin films, La/Sr composition ratio in LSMO remained unchanged within experimental error, which influences the amount of doped holes in LSMO. There may be a slight composition change causing the decrease of T C , which cannot be detected by our XRF measurements. Crystalline quality evaluations by X-ray diffraction were difficult due to the lattice constant of La 0:6 Sr 0:4 MnO 3 almost equal to that of LSAT. Since the surface morphology of LSMO was strongly dependent on ablated spot area and energy density, crystalline quality of LSMO would be also influenced by these two parameters. The highest T C of about 340 K was obtained under the optimal condition of total energy density = 0.56 J/cm 2 and ablated spot area = 13.7 mm 2 . The AFM and RHEED images of the LSMO film grown under the optimal laser condition were shown in Fig. 5(a) . In the AFM image, small islands similar to Fig. 1(c) were observed. The clear streak patterns in the RHEED image indicate the atomically flat surface and high crystalline quality. The temperature dependence of the magnetization of this film was shown in Fig. 5(c) . The saturated magnetization is as large as that of the bulk sample. 8) Curie temperature (T C ) was about 340 K which is comparable to reported value (350 K) 16) of epitaxial La 0:6 Sr 0:4 MnO 3 thin films grown on SrTiO 3 substrates. The difference between the T C of our samples and that of the bulk samples (370 K) 8) may be due to the different crystal lattice structures of La 0:6 Sr 0:4 MnO 3 (rhombohedral) and LSAT (cubic).
17) The magnetic field dependence of the magnetization was shown in Fig. 5(d) . Large hysteresis corresponding to the ferromagnetic property was observed. The coercive field of this sample was about 50 Oe, which is comparable to the reported value ($70 Oe) of La 0:6 Sr 0:4 MnO 3 thin films grown on SrTiO 3 substrates with the same thickness. The resistivity of this sample at room temperature was 1.2 mcm which is as low as the reported value ($1 mcm) of bulk samples 8) and epitaxial La 1Àx Sr x MnO 3 (x ¼ 0:3{0:5) thin films grown on SrTiO 3 or LSAT substrates. 12, 18) The kinetic energy, 14) composition, 6, 15) and spatial distribution 3) of the ablated species could be optimized for growth of high-quality LSMO thin films with atomically flat surfaces and high T C (340 K) by changing the laser ablation conditions. In summary, we have investigated the influence of the ablated spot area on the growth mode, transport and magnetic properties of La 0:6 Sr 0:4 MnO 3 thin films grown by a pulsed laser deposition technique. The Curie temperature and resistivity of LSMO grown on LSAT substrates were strongly dependent on the ablated spot area as well as the energy density. By carefully controlling these two parameters, we have obtained the LSMO epitaxial thin films which exhibit considerably high T C (340 K) with atomically flat surfaces. 
